Glutathione as a permeation-inducer
Glutathione (GSH) is a tripeptide antioxidant that protects tissues from reactive oxidative species (ROS) and other types of oxidative damages [4] . GSH interacts with transmembrane proteins located in the brain that are involved in the active transport of certain substances across the BBB [4] . Among these, P-glycoprotein is involved in ATP-coupled reactions in transporting compounds conjugated to GSH across membranes; a number of other proteins are also involved in similar mechanisms [5, 4] . Drug delivery systems conjugated with GSH provide for an interesting route of potential therapies directed towards the brain; the manipulation of existing GSH-transport mechanisms may be utilized to enhance the trans-BBB permeation of therapeutic compounds. The great number of GSH receptors that are present in the CNS may be an advantage in targeting these receptors to mediate the active or passive transcytosis of therapeutic compounds [6, 7] .
Establishment of a Transwell™ co-culture
To compare the permeation of GSH-coated nanoparticles to the free drug solution, an in vitro BBB model was established by modifying a preexisting protocol [8] Transwell™ permeable inserts (Corning™, No. 3401) with 0.4 μm sized pores were purchased upon which to seed the cellular co-culture on either side of the permeable insert. The 0.4 μm sized pores allow the sharing of cellular factors between the co-culture to induce BBB-specific cellular characteristics in endothelial cells, such as tight junctions, without the physical transfer of cells. In addition, the size of pores is large enough to allow the passage of nanoparticles ; a size of 150 nm is ideal for trans-BBB permeation [9] . Both sides of the Transwell™ insert were coated with 0.1% rat tail collagen I (BD™ Biosciences). C6 cells (rat astrocytoma cell line) was seeded to the bottom side of the insert, and RBE4 (immortalized rat brain endothelial cell line) was seeded on the inside of the insert (Figure 1 ). It was hypothesized that the transfer of astrocytic growth factors from the C6 cell line across the porous membrane would induce the formation of tight junctions in the RBE4 cell line on the other side of the insert, as is present in in vivo situations [2] . The Transwell™ co-culture
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was bathed in 2 mL of media, 1.5 of which was around the insert and 0.5 of which was inside the insert. The media used was a 1:1 mixture of Ham's F10: MEM (Cellgro™), supplemented with 10% fetal bovine serum (FBS, Invitrogen™), 1% streptomycin and penicillin (Invitrogen™), human recombinant diluted basic fibroblast growth factor (bFGF) (BD Biosciences™), and HEPES buffer (Fisher™). The cells were grown in an incubator in standard humidity conditions and 37 o Celsius and 5% CO 2 . Identical, biologically significant concentrations of the free drug solution and GSH-coated nanoparticles were added to the 0.5 mL media that bathed the inside of the Transwell™ insert. Samples of the media (100 µL) from underneath the permeable support ("across" the BBB) were taken at predetermined intervals and replaced with fresh media. The concentration of the permeated drug solution and GSH-coated nanoparticle was determined by UV spectroscopy at wavelengths specific to the drug by being compared to standard dilutions of the drug also analyzed by UV spectroscopy at the same wavelength.
BBB permeation of GSH-conjugated nanoparticles
Using a Transwell™ based BBB model, we were able to show that GSH-coated PEGylated PLGA nanoparticles were able to permeate a BBB model better than a free drug solution by using fluorescence spectroscopy to quantify the permeation of doxorubicin, and UV-vis absorbance to quantify the permeation of methylene blue.
Two different drugs, methylene blue (MB) and doxorubicin (Dox) were encapsulated by PEGylated PLGA nanoparticles using a previously reported method [7] . Briefly, 4 mg of each of the drugs were dissolved in 3 mL of acetone; 120 mg of PLGA-PEG-COOH polymer (Lakeshore Biomaterials™) was added to the acetone. The resultant solution was added dropwise to 10 mL of deionized water, spinning at 300 RPM with a magnetic stirring bar and at 40 o Celsius. The nanoparticles were allowed to precipitate out and the acetone was allowed to evaporate completely. The resultant nanoparticle suspension was collected in a 15 mL conical flask and centrifuged (3000 RPM, 10 minutes) to collect all the nanoparticles. The supernatant was discarded and replaced with fresh deionized water to make up a total volume of 10 mL.
The characterization of the resultant nanoparticles revealed that the average size of the Dox nanoparticles to be 99.8 nm ± 2.58 nm with an entrapment efficiency of 72.4% ± 6.14%. Characterization of the resultant MB nanoparticles yielded an average size of 150 nm ± 10 nm with an entrapment efficiency of 25.07% ± 3.19%. The entrapment efficiency of each nanoparticle formulation was used to determine the amount of nanoparticle suspension to be added to achieve equal amounts of free drug solution and nanoparticle suspension.
Before treating the cells in the Transwell™ inserts, 20 mg of GSH was added to 1 mL of each of the nanoparticle solutions to yield a 2% GSH coat on the particles, which refers to the amount of GSH per 1 mL of nanoparticle suspension, not a weightdependent measurement [7] . Figures 2A and -B show the comparative permeation of the free drug solution with the respective drug-encapsulated, GSHcoated nanoparticle 24 hours after treatment. Figure 2A represents the comparative permeability data of 1 µM each Doxfree drug solution, uncoated Dox-encapsulated nanoparticles, and GSH-coated Doxnanoparticles 24 hours after treatment as quantified by fluorescent spectroscopy (Synergy H4 plate reader, Biotek Instruments™) with an excitation wavelength of 470 nm and emission wavelength of 590 nm. As can be seen by the data, there is a 1.3-fold greater permeation of the drug-encapsulated, GSH-coated nanoparticles as compared to the free drug solution (n = 3). There is a significant increase in the permeation of the GSH-coated nanoparticle as compared to the free drug solution and uncoated Dox nanoparticle (p < 0.05). After performing MTT assay in RG2 cells with Dox drug solution, uncoated nanoparticles, and GSH-coated nanoparticles, it was shown that the uncoated nanoparticles and GSH-coated nanoparticles were less toxic to the cells than the free drug solution after 24 hours (data not shown).
Similarly, Figure 2B represents the comparative permeability data of MB free drug solution, uncoated MB-encapsulated nanoparticles, and GSH-coated MB nanoparticles 24 hours after treatment as quantified by UV-visual spectroscopy (Synergy H4 plate reader, Biotek Instruments™) at a wavelength of 600 nm. The data represents a 1.5-fold greater permeation of MBencapsulated, GSH-coated nanoparticles as compared to the free drug solution across the in vitro BBB model (n = 3).There is a statistically significant increase in the permeation of the GSH coated MB nanoparticle as opposed to the uncoated nanoparticle and free drug solution (p < 0.05).The data suggests that GSHcoated nanoparticles may be able to be used clinically to permeate the BBB for therapeutic purposes
Conclusion and Future Perspectives
Permeation data comparing the free drug solution with drug-encapsulated nanoparticles for two brain-targeted drugs revealed an increased permeation of GSH-coated nanoparticles as compared to the free drug solution in a Transwell™ co-culture of rat brain endothelial and astrocytoma cells. The Transwell™ apparatus is a great way to investigate the physiology of the BBB in a controlled, in vitro setting. A cellular monoculture of brain endothelial cells may not be able to express the necessary tight junctions that are characteristic of the BBB. Because the culturing of astrocytes with endothelial cells is seem as "highly necessary" in inducing BBB-specific properties [10] , the Transwell™ system is a great asset to investigating trans-BBB permeabilities.
Although the Transwell™ model provides a co-culture of the two main cell types that interact at the BBB, the interaction of pericytes with endothelial cells should also be investigated. Both, pericytes and astrocytes are glial cells and it is these types of cells that are responsible for inducing the expression of BBB-specific properties in endothelial cells [11] . It would also be interesting to investigate the co-culture of endothelial cells with pericytes. Interestingly, culturing endothelial cells solely in media from astrocytic cells is useful in inducing BBB-specific physiological characteristics in the endothelial cells [12] . Perhaps a co-culture of endothelial cells and pericytes bathed in astrocytic medium would also be able to induce BBB-specific characteristics in endothelial cells.
Recently, there have been developments in the establishment of co-cultures for in vitro BBB models. Matrigel (Cultrex or EHS matrix) is a basement membrane-like, three-dimensional gel upon which cells can be seeded to act in three-dimensional ways [13] . Matrigel could be used to grow co-cultures of endothelial cells, astrocytes, and pericytes. The three-dimensional interaction of these three cell types may cause the exhibition of characteristics that are not usually visible in other in vitro settings and may be a better indicator of the in vivo setting [13] . A similar co-culturing method is the Spheroidal method. In this model, co-cultures of multiple cell types can be seeded onto a membrane from which the spheroidal culture can be detached [14] . This model may also be able to shed light on cellular interactions that are present in three-dimensional settings. Although these models show promises in investigating BBB properties, their relatively recent development as compared to the Transwell™ system requires more usage to be as established as the Transwell™ system which is considered to be the "gold standard" when investigating BBBrelated permeability [15] .
The permeation data that is presented in this work shows evidence that GSH-coated nanoparticles are able to better permeate the BBB than the free drug solution. We have previously investigated the permeation of GSH-coated paclitaxel nanoparticles in an in vivo model and showed that the GSHcoated nanoparticles are able to permeate the BBB in mouse models [7] . Greater emphasis should be placed on such a model in the development of brain-targeted therapies. GSH-coated nanomedicines would greatly benefit clinical obstacles to brain therapeutics and may be able to increase the life-expectancy and quality of life of millions suffering from similar diseases. The comparative permeation of 10 µM free MB drug solution, an equal concentration of uncoated MB-encapsulated nanoparticles, and GSH-coated MB nanoparticle across the Transwell™ co-culture of RBE4 and C6 cells after 24 hours of treatment. Sample of media removed from under the support was analyzed by UV-vis spectroscopy (wavelength, 600 nm). Readings were taken 3 times and averaged (n = 3) and standard deviation was taken from data. T-test was used to statistically analyze the data (p < 0.05).
